archaellar rotation is driven by ATP [9] . However, direct evidence is still lacking, and 48 reconstituted systems to directly manipulate and investigate the motor complex are also 49 missing. 50 Here we present an in vitro system for the archaellum, similar to the Triton model for 51 the eukaryotic flagellum [10] and the permeabilized ghost model for gliding Mycoplasma 52 mobile [11, 12] . We use the halophilic archaeon Haloferax volcanii [13] . Hfx. volcanii 53 possesses multiple polar archaella and swims at 2-5 μm s -1 at room temperature, with CW 54 rotation more efficient for propulsion than CCW (Supplementary Result 1 and 55 Supplementary Movie 1) [14] . We increased the fraction of swimming Hfx. volcanii cells 56 from 20-30 % [13] to 80 % by adding 20 mM CaCl2 (Fig. S1a ).
57
To prepare our experimental model system, we suspended motile cells in buffers 58 containing 0.15 % sodium cholate and 2.5 mM ATP ( Fig. 1c ). Fluorescent imaging 59 revealed that ghosts still possessed archaellar filaments, the cell membrane, and S-layer Fig. 1f shows histograms of swimming speed before and after adding detergent.
68
The average and SD were 1.79 ± 0.38 μm s -1 before and 1.55 ± 0.42 μm s -1 after 69 permeabilization (P = 0.421834>0.05 by t-test, ratio 0.93 ± 0.24, n = 24, Fig. S4b ), 70 indicating that ghosts swim at the same speed as live cells in this, saturating, ATP 71 concentration. The single speed peak, unlike Fig. S1b , might indicate a lack of CW 72 rotation in these swimming cells in presence of detergent ( Fig. 1f ). However, we found it 73 5 difficult to track swimming ghosts due to their low contrast, and were not able to 74 determine the direction of archaellar rotation.
75
To overcome these difficulties, we established a ghost-bead assay for measuring ATP-76 coupled motor rotation ( Fig. 2a ). We attached cells with biotinylated archaellar filaments 77 nonspecifically to the cover glass surface, and then introduced streptavidin beads (500 We then investigated the effect of nucleotides on rotation using 500-nm beads. First, we 97 checked the nucleotide selectivity of rotation. Previous bulk experiments showed that 98 purified FlaI could hydrolyze different nucleotide triphosphates (NTPs) at similar rates 99 [17]. However, the rotational rates of 500 nm beads on ghosts in 10 mM GTP, CTP, and 100 UTP in ghost experiments were 5-10 times slower than in ATP (Fig. 2c ). This suggests 101 that the motor complex might increase the selectivity of FlaI for nucleotides and/or 102 prevent extra energy consumption in vivo like the endopeptidase Clp (see Fig. 1B in [18] ). Hill coefficient estimated to be 2.79 Hz, 161 μM, and 0.79 (n = 189; Fig. 2d blue) . We 115 estimated motor torques of 180.83 ± 43.06 pN nm for live cells ( Fig. 2e top, 
